Abstract: Splined shafts used in gas turbines are being subjected to an ever more arduous set of loads, but the strength of this class of joints has hitherto not been probed. This paper describes preliminary contributions to determining this by first performing a finite element analysis of the spline overall in order to determine the contact conditions, including surface slip displacement. These conditions are then reproduced in a simplified fretting fatigue apparatus in order to reduce the number of prototypical tests required.
INTRODUCTION
The need to achieve better fuel efficiency in aero-engines via both a reduction in the relative size of the engine core and an increase in the bypass ratio requires the development of optimally designed shafts. It is widely recognized that one of the features limiting shaft life will be the splined connection, as the torque density in shafts is progressively increased. Past failures of mainline shafts, although very scarce, indicate a failure mode from 'edge of bedding', i.e. the edge of the contact. This is associated with a combination of the root bending stress in the spline root fillet, the spline contact stress and the effect of minute amounts of differential motion between nominally stationary spline teeth. In order to support the specification of optimum shaft designs it is essential that the lifing methods used for critical features are developed so as to provide realistic estimates of the fatigue capability in the engine. However, existing shaft lifing methods still adopt a very simplified approach based on the use of elementary beam theory to predict peak elastic stresses and conventional fatigue data. It is the purpose of this work to investigate the deleterious effect of fretting on the fatigue performance of the joint in a quantitative way, without the need for expensive prototypical tests.
SPLINE CONNECTIONS
Splined connections between split shafts are a common way of producing an assembly capable of ready disassembly, while preserving a large torque-carrying capability. In the gas turbine industry, connections of this type are commonly used: the splines are conventionally not straight cut but formed along a helix whose angle is chosen so that the axial load present between the two halves of the shaft, and the torque present, produce an almost normal reaction on the spline 'teeth', and there is little tendency for the two halves either to wind up or unwind. In contrast to spline joints commonly found in automotive applications, there is no requirement to accommodate a 'plunging' action between the two halves of the shaft, and indeed a locking collar is normally present to inhibit separation. A typical connection is shown in Fig. 1 . The spline is approximately 100 mm long and formed on a compound shaft whose common radius is approximately 80 mm. The form of the spline 'teeth' is that of a classical involute gear, but, in contrast to gears, there is a male involute spline formed on the inner shaft and a female involute formed on the outer shaft, as shown in the photograph of Fig. 2 . The contact between them is therefore 'conforming' in the sense that, even in the unloaded condition, the contact region extends over a substantial proportion of the tooth flank and does not change significantly when the loading is applied. Axially, the teeth may either be parallel, giving rise to a conformality condition in this direction, too, or they may be barrelled, so that contact is first made at the centre of the spline pair and extends axially in both directions as the loading is developed. Spline barrelling of the male spline tends to provide a more uniform transfer of torque along the length of the spline and hence increases the capacity of the connection. If this is not done, a significant proportion of the torque is transferred at each end of the spline, and the central portion carries an approximately uniform torque, equal to about 50 per cent of that present external to the coupling.
The loading experienced by the connection is extremely complex and may arise from several sources. Also, although the connection experiences no gross rigid-body motion between the two halves, the loading causes not only a significant contact pressure to be developed but also shearing forces, which vary with time and have both radial and axial components. This will become clearer when the load regime is fully defined.
ANALYSIS
It is clearly impossible to attempt an analysis of a problem of this degree of complexity by other than a purely numerical method, and the chosen tool was the finite element method, using the commercial package 'ABAQUS' as the solver. As the contacts are extremely taxing to solve with any accuracy, because of their conformity, and because the solution of a frictional contact problem imposes even greater demands, the initial model employed is a frictionless one. From this it was hoped to learn the distribution of interfacial contact pressure and the approx- imate magnitude of the maximum slip displacement. Two forms of model were used. The first is that of a single tooth, which extends around a sector of 208, as there are 18 teeth around the periphery of the shaft. A typical model is shown in Fig. 3 A second model was developed from the first, by repeating the 'single tooth' unit, to build up a complete spline representation. This was employed principally to examine the effect of an external bending moment, which in practice originates not only from self-weight loading but also, for example, from non-axially oriented air intake during take-off. It should be emphasized that separate solutions for the three forms of loading-axial force, torque and bending moment-may be superimposed for the case of frictionless contact. Were the presence of friction to be included, so that the contact region consisted of a mixture of stick and slip regions, the problem would become inherently non-linear, so that superposition would not apply, and, indeed, the exact history of loading would need to be specified before a solution could be found. It is proposed to refine the model in this way in due course, but, for the time being, a frictionless model enables an upper bound to be placed on the magnitude of the slip displacement arising.
Contact pressure distribution
Preliminary output from the finite element runs indicated a qualitative contact pressure distribution of the form shown in Fig. 4a . This shows characteristics reminiscent of those arising when a flat-ended rigid punch is pressed into a counterface, i.e. a singular pressure distribution, having the general form 1= a 2 ¡ x 2 p , where a is the contact halflength, but with the pressure falling continuously to zero at the very edges of the contact.
The philosophy behind the experimental procedure is that it is assumed that the geometry of the contacting surface enters the problem only insofar as it determines the traction distribution, but there are certain features of the distribution that merit further consideration before proceeding to the development of a fretting fatigue test. In a recent paper, the contact between an indenter having the form of a flat central region with edge radii was considered in some detail [2] . The first output variable derived was the contact pressure distribution, and typical results are shown in Fig.  4b . It may be seen that, when the edge radius is large compared with the central flat section, the contact resembles a Hertzian geometry, with a flat, and so the resulting contact pressure is approximately semi-elliptical. However, as the edge radius is reduced, the contact pressure moves gradually towards the square-ended flat punch case, and there is a range of pressure distributions that looks remarkably qualitatively similar to that found for the spline joint. This is perhaps not surprising, as the relative curvatures of the contacting bodies take the same general form, although the spline geometry is very remote from a half-plane formulation. This prompted us to consider carefully the possibility of carrying out fretting tests with pads of this form, but there is another feature of the idealized contact problem that warrants consideration. Recently, Ciavarella has developed a number of general results concerning the characteristics of plane partial slip contacts [3, 4] . One of these is that, if the form of the punch or indenter is composed of a number of flat and radiused or sloping regions, it is impossible, for any remote loading histories, for the stick zone to lie entirely within any flat region or combination of flat regions. This means that, for the idealized contact, slip may exist only within a small region at the edge of each contact.
Surface slip displacement
The exact combination of variables responsible for initiating a fretting fatigue crack is not precisely known at present. It is clearly strongly dependent on the magnitude of both the direct traction (contact pressure) and shearing traction at the position of the potential crack nucleation site, together with the underlying surface tension, but it is also widely believed that the amplitude of slip displacement is also critical in influencing nucleation. Now, while there are clearly a number of ways in which the tractions needed can be achieved in different fretting tests, it is obviously much more difficult to obtain the same surface slip displacement, as the displacements present are the integrals of the strains, which themselves are proportional to the stress state, through Hooke's law. It follows that the geometry of the indenter used in the test must mimic that found in the prototype precisely if the traction distribution is also to follow the prototype. From the foregoing section it is clear that tests in which the fretting pads have the form of a flat face with edge radii are suitable to represent the spline tooth contact, as it will be possible to match up the shape of Figs 2 and 4a and b very acceptably. However, the practical difficulty arising in this case is that it is difficult to arrange for flat-ended pads to be employed in which a self-aligning arrangement is used. It is felt that this is essential in order to eliminate the possibility of any rocking moment being present which will modify the contact characteristics considerably. Therefore, in the preliminary tests, Hertzian contacts giving rise to representative traction distributions were employed, and the more complex flat-ended pads have been developed for more recent tests.
FRETTING FATIGUE TESTS
Ideally, fatigue tests should be carried out on specimens that are prototypical in form and subject to exactly the same loading history as that experienced in service. This is difficult to achieve, partly because it is very difficult to reproduce the same loading history, and partly because the specimens, in this case, would be impossibly expensive to manufacture. Lastly, the inertia loads present would mean that prototypical specimens may be tested only at relatively low frequencies, prolonging the tests. For these reasons, the majority of the tests providing background fretting fatigue data for this project were carried out using a simple in-line hydraulic test machine, an earlier version of which was described in detail in reference [5] . The basic idea behind the test apparatus is clear from Fig. 5 . A simple dogboneshape tensile test specimen is employed, and the tension within, applied by the 'large actuator' at the bottom of the figure, represents the underlying tension found in the surface of the prototype. A second, smaller actuator is connected, via draw rods, to a carriage, which in turn carries arms supporting the fretting pads. The arms are clamped to the specimen using a hydraulic G-cramp. The self-aligning nature of this arrangement ensures that each pad applies the correct contact force, and the second hydraulic actuator controls the shearing force, and hence the shearing tractions.
The experimental configuration has a number of advantages. Firstly, the specimens and pads are relatively simple and are inexpensive to manufacture. Secondly, a range of different pad geometries may be employed so that a wide range of different fretting situations can be simulated. A number of important parameters may be set independently. These include the normal contact load (which is held constant during the test), the tangential fretting force and the tension in the specimen. These last two quantities are computer controlled and may be programmed to follow complex loading histories if required. Experiments are normally run in partial slip, i.e.
where Q is the tangential fretting force, P is the normal force and f is the coefficient of friction. Under these circumstances, the slip amplitude is a function of the geometry and loading history, and is not an independent variable.
Indenter geometry
In principle, several different pad geometries may be employed in the apparatus described. However, the use of truly square-ended pads is undesirable as the resulting contact is 'complete', and the contact pressure distribution is hypersensitive to manufacturing imperfections and the presence of swarf. Also, the partial slip regime prevalent is hard to specify with confidence. The majority of tests carried out to date have employed cylindrical indenters. These have the advantages that they are easy to machine, the resulting Hertzian contact is amenable to analysis in closed form and all the salient variables may be determined explicitly. However, a principal difficulty with the use of cylindrical pads is the edge effect, and for the alloy used in the tests (Super CMV, a proprietary shaft steel [1] ) this was found to be a particular problem. The best that can be done if prismatic specimens are employed is to make the pads the same width as the main testpiece, but even this must inevitably give rise to short-range uncertainties, and misalignment of the cylinder axis with the pad face can give rise to tapered contacts and uneven pressure distributions. These problems may be eliminated completely by using fretting pads whose faces are either spherical or barrel shaped (crowned). The advantage of spherical pads is that they are comparatively easy to manufacture, but the narrowness of the loaded region means that cracks generated will grow mainly at the centre, and hence be both more difficult to locate and grow rather more slowly than a through-thickness crack. These problems may be ameliorated by using barrel-shaped specimens whose principal radii of curvature are chosen so that the resulting contact ellipse almost fills the width of the specimen, but whose axial extent is comparable with that found with cylindrical pads. The main difficulties here are those associated with manufacture, and also that the pad geometry is optimal for only one load, and it is essential that the contact ellipse does not extend over the edges of the specimen. Lastly, the use of three-dimensional Hertzian contacts, whether circular or elliptical, means that the fretting conditions vary continuously around the slip annulus, and thumbnail rather than through-thickness cracks are to be anticipated.
In subsequent tests, fretting pads of the 'flat and rounded' shape alluded to earlier are being employed, principally because almost all of the salient contact conditions can be made to represent those found in the prototype, i.e. the spline coupling. The main additional difficulty is that it is necessary to have the pads pivot about an axis passing through the flat portion of the indenter in order to ensure a symmetrical contact pressure distribution, devoid of end effects, and the line of application of the shearing force must also pass along this line. A fixture to achieve this has been developed and is shown in Fig. 6 . However, lateral edge effects may also be present and will be difficult to eliminate in this case.
Fretting fatigue tests are carried out at a frequency of about 10 Hz in order to minimize the time needed to complete tests but avoid excessively large inertia forces. Loads, i.e. the normal contact pressure load, the shearing load and the underlying (bulk) load, were chosen so that the lives obtained lie in the 'low cycle' regime. It is judged that the dominant frequency component in the loading spectrum is that associated with changes in the engine loading conditions, i.e. due to throttle movements. However, it is recognized that the bending moment developed cycles at a frequency equal to the spin speed of the shaft, and there may be even higher-frequency components of loading present, associated with harmonics, and more refined test procedures to incorporate the high cycle=low cycle interaction under fretting conditions are being developed.
EXPERIMENTAL RESULTS
Figure 7 displays some preliminary results obtained from fretting fatigue tests using Super CMV steel and different contact pad geometries: the different symbols in the figure relate to different normal and tangential contact forces. Unfortunately, numerical values for these cannot be released for commercial reasons, but each force has been designated 'high', 'medium' or 'low' in the figure. The general form of the dependence of the fatigue life on the bulk tension is apparent. All experiments were conducted in partial slip. It is assumed that the three salient quantities determining the severity of the fretting and fatigue conditions, besides the influence of the contact dimension, are the underlying stress, ó , the contact pressure at the stickslip interface and the shear traction at the stick-slip interface. The interfacial coefficient of friction is clearly also an important variable, as this controls the degree of localization of the applied shearing force. Fretting fatigue lives were recorded by judicious choice of these salient quantities. In particular, it was found that an increased shearing force seems to decrease life, which also obviously falls as the underlying stress is increased. Furthermore, it was observed that, if the shearing force is kept constant, an increase in contact pressure may also decrease the life.
DESIGN METHODOLOGY
From the analysis and experiments described, the following design procedure for splined shafts subject to fretting fatigue is proposed:
1. Estimate the load history for the shaft from measurements or a whole engine=transmission model. 2. Produce a frictionless finite element model for the overall shaft, incorporating sufficient geometric detail to determine the local contact pressure and surface slip displacement distributions. 3. Determine the most appropriate contact pad geometry for use in the two-actuator fretting test rig described in Section 4. Suitable choices may include Hertzian indenters, either of cylindrical or barrelled shape, or contact pads incorporating a flat with appropriate transition radii. The pad geometry should be chosen so as to replicate as closely as possible the pressure and slip predicted by the finite element model. 4. Carry out a number of tests with this pad geometry on the two-actuator apparatus under representative loading conditions. It should be noted that, in contrast to the finite element model, the experiments will have a nonzero coefficient of friction. 5. An estimate of the spline fatigue life may now be obtained from the fatigue lives recorded in the tests (4).
Where possible, this estimate should be validated by reference to a full-or part-scale test of a complete spline for one loading condition. Such validation data could be obtained either from a specialized test rig or from test or service experience on a real engine or transmission.
SUMMARY
Some preliminary results of a theoretical and experimental analysis have been shown for the development of an integrated modelling and testing methodology in order to investigate the susceptibility to fretting fatigue of spline couplings. The method is based on the fundamental concept of employing an idealized contact geometry for the contact analysis of the component, which nevertheless gives the same contact stress and surface slip displacement fields as found in the prototype, and a specimen which is simple in geometry and hence more economic in both manufacture and cost. Two important aspects must be pointed out. Firstly, if the half-plane idealization can be retained, the proposed modelling approach represents a good compromise as it permits all the salient variables to be examined clearly and in closed form. Secondly, from an experimental point of view, one feature that should be clearly noted is that, as the end radius on the 'flat ‡ rounded' indenter geometry is reduced relative to the stick zone, and hence the contact approaches one of a flat punch-type geometry, the transition from partial slip to full sliding is very abrupt, as shown by Ciavarella [3] . Therefore, not only extremely careful control of the contact pad geometry in terms of the quality of the manufacture is needed to be ensured but also self-aligning behaviour of the contact pad in the experiment.
